Whole-genome de novo assembly of isolates and species pan-genomes 212
A total of 11,087 bacterial isolates were whole-genome sequenced using Illumina 213 Hiseq2000/2500 sequencers, resulting in a median number of 1,517,147 paired reads 214 per isolate (stdev 620,481). De novo assemblies were successfully created for 11,062 215 (99.8%) isolates (Figure 3 ) and of these, 10,764 (97.3%) passed the stringent 216 assembly quality criteria. Moreover, 9,206 (83% of 11,087) of the isolates fulfilled the 217 quality criteria for taxonomic assignment. A total of 8,729 isolates, representing 18 218 main species with at least 50 isolates, were used after stringent quality filtering (see 219
Methods for sample filtering details) in the subsequent analyses and in the 220 construction of species-level pan-genomes, with Acinetobacter calcoaceticus and 221
Pseudomonas putida having less than 50 isolates passing (Supplementary Table S3) . 222 First, the presence/frequency of genes from a set of 111 single-copy marker genes 223 ("essential genes"), according to Dupont et al. [33] , was used as a proxy to estimate 224 the genome completeness of individual de novo assemblies. Overall, the assemblies 225 were found to be largely complete: 92 essential genes (82.9%) were identified in atleast 99% of the 8,729 isolates (Supplementary Figure S5) which were used to 227 construct a phylogenetic tree of these isolates (Supplementary Figure S6) . 228
Furthermore, species-specific presence and absence patterns were frequently observed 229 (Supplementary Figure S7 A) . For example, TIGR00389 (glycine-tRNA ligase) was 230 only found in S. aureus, whereas TIGR00388 (glycine-tRNA ligase, alpha subunit) 231
was not present in this species. Four genes, TIGR00408 (proline-tRNA ligase), 232 TIGR02387 (DNA-directed RNA polymerase, gamma subunit), TIGR00471 233 (phenylalanine-tRNA ligase, beta subunit), and TIGR00775 (Na+/H+ antiporter, 234
NhaD family), were not found in any of the isolates, except for sporadic hits in 235
Pseudomonas aeruginosa for TIGR00408. 236
In the next step, ResFams core-based resistance factors [34] were annotated in the 237 isolate assemblies in order to study the species-level distribution of these genetic 238
features. The number of covered Resfams (mean count of hits ≥ 1) varied between 239 species from 4.1% (5 of 123 Resfams, Morganella morganii) to 11.4% (14 of 123 240
Resfams, A. baumannii and Shigella sonnei) (Supplementary Figure 8) . Three 241
Resfams were found in at least 90% of all considered isolates -RF0007 (ABC 242 antibiotic efflux pump), RF0107 (ABC antibiotic efflux pump), and RF0115 (RND 243 antibiotic efflux pump), the latter with a mean count of hits of at least 5 for 14 of 18 244
species. 245
The MLST analysis revealed, that in all species with a typing scheme included in 246 the used version of PubMLST isolates were assigned to at least 6 different sequence 247 types (STs), except for S. sonnei, and new STs could be identified, except for Shigella 248 flexneri and S. sonnei (Supplementary Figure S9) . Among these species, the 249 proportion of isolates without a confident assignment was high (≥ 10%) for B. Table  267 6). However, the pan-genome size, i.e. the total number of centroids described in 268 GEAR-Base, was similar for E. coli and S. aureus, but exceeded substantially the 269 number of centroids described in panX for A. baumannii, K. pneumoniae, P. 270 aeruginosa and S. enterica (Supplementary Table 6 ). With respect to the presence of 271 essential genes in the species-level pan-genomes, the mean number of centroids 272 containing at least one matching gene was one -i.e., these essential genes were 273 mostly found in only one centroid cluster (Supplementary Figure S7 B ). However, 274 the mean number of centroids was greater than or equal to 1.25 for eight essential 275 genes -i.e., in some species these genes were found in multiple centroid clusters. 276
In the following, the resistance phenotypes and genomic features were linked and 277 significantly associated centroids were further studied with respect to their overlap to 278 known resistance genes from the Resfams core database. 279
280

Resistance associations by linking phenotype and genotype
We used binary information in the form of centroid presence/absence to test for 282 significant centroid-drug associations per species. The number of found associations 283 ranged from below 10 to above 500; most associations (at least 500) were found for P. 284 aeruginosa and tobramycin, and K. pneumoniae and gentamicin ( Figure 5) . 285
Furthermore, the drug resistance-associated centroids encoding for a resistance gene 286 were investigated. From the Resfams' core database 45 of the 123 factors were found 287 in at least one centroid (Supplementary Figure S13) . Among these, the top ten 288
Resfams genes from both analyses covered various resistance mechanism classes -289 nucleotidyltransferases, phosphotransferases, acetyltransferases, beta-lactamases, and 290
MFS transporters (Supplementary Figure S13 B). 291 292
GEAR-base online resource 293
The GEAR-base resource is freely accessible at https://gear-base.com for academic 294 research use and currently provides two modules for browsing of the database -a 295 culture-based module and a pan-genome module -as well as a module for the 296 analysis of user-provided data. The culture-based module is focused on the 297
Gram-negative isolate collection and provides an interactive view of the taxonomic 298 composition, MIC and resistance profiles, as well as additional meta-data, e.g., 299
collection year or sample distributions. The pan-genome module provides general 300 statistics, such as assembly quality of the included isolates, pan-genome size, and 301 resistance association analysis overview, for both, the Gram-negative and the S. 302 aureus isolates. Gene nucleotide sequences can be downloaded for each individual 303 pan-genome centroid and a batch-download of all centroid nucleotide sequences is 304 available. Moreover, pan-genome centroids can be browsed online for specific gene 305 products and filtered by their presence in the isolates. In addition, centroid clusters 306 can be viewed including associated gene annotations, the hits to the Resfams core 307 database, and information about potential resistance associations against the set of 308 herein included drugs. GEAR-base's analysis module allows the user to query 309 individual gene sequences against the pan-genome centroid sequences using 310 GCF_001952835.1_ASM195283v1). In a first step, the chromosome and plasmid 321 sequences were uploaded and a perfect match was found to the genome's NCBI entry, 322 as expected. The next-best matches were to a K. pneumoniae isolate from the present 323 collection of clinical isolates (828/1000 shared hashes, distance of 4.71e-3), and to a 324 Klebsiella sp. genome (ERS706555) from the NCTC 3000 database (709/1000 shared 325 hashes, distance of 8.89e-3). In a second step, all coding DNA sequences (CDS) were 326 searched against GEAR-base's pan-genome centroids using Sourmash and against the 327
Resfams core database. The majority of the pan-genome hits were related to K. 328 pneumoniae (6,206 hits of 11,267) followed by E. aerogenes (1,537 hits), and K. 329 oxytoca (1,014 hits). S. aureus, a Gram-positive species, served as an outgroup and no 330 hits to this species' pan-genome were found. In total 37 hits to 21 unique Resfams 331 (core database) were found in the query genome CDS with 23 hits on the chromosome 332 and 14 on the plasmid. The top three most occurring Resfams were RF0115 (8 hits, 333 RND antibiotic efflux pump), RF0098 (3 hits, MexE, RND antibiotic efflux), and 334 RF0053 (3 hits, class A beta-lactamase). Furthermore, the CDS of eight antibiotic 335 resistance genes reported in the original genome announcement were investigated. 336
The HMM-based search of pan-genome centroids resulted in two chromosomal CDS,OqxA) and WP_004146118.1 (FosA family fosmomycin resistance glutathione 339 transferase), being classified as K. pneumoniae-derived centroids according to their 340 top hits (with respect to the full sequence score), the top hits of the remaining genes (5 341 plasmid-derived, 1 chromosome-derived) included centroids from other 342
Gram-negative species. However, the centroid cluster annotations matched the 343 expected protein functions for all eight CDS independent of the species. The top three 344 hits for WP_004146118.1 were centroids from K. pneumoniae, E. aerogenes, and K. 345 oxytoca matching the expected annotation and present in almost all isolates (>98%) of 346 the respective pan-genomes. This high prevalence matches the observations made by 347
Ryota et al. reporting similarly high frequency (>96%) of fosA in these species [40] . 348
For the beta-lactamases WP_004176269.1 (class A broad-spectrum beta-lactamase 349 SHV-11), and WP_000027057. This concerted effort is expected to reduce experimental bias and the present resource 367 provides a portal for information retrieval as well as data analysis. 368
Species-level antibiotic resistance phenotypes can be inspected using 369 GEAR-base's culture-based module. Specifically, resistance rates and trends across 370 multiple species and antibiotic drugs can be assessed on a large scale, which we 371 believe to be important for current and future antibiotic resistance research. Though, 372 some effect of potential sampling bias cannot be excluded, our results on increased 373 resistance rates corroborate previously reported trends. In addition to this phenotypic 374 information, genomic information is included via the pan-genome module. This 375 information can be used independent of the phenotypic information -i.e., purely 376 from a pan-genomic perspective, e.g., for the study of inter-or intra-species gene 377 conservation. The observed number of core centroids was consistent with the statistics 378 reported by panX. However, GEAR-base pan-genomes are based on significantly 379 higher sample numbers and are substantially larger in size, thus giving access to a 380 comprehensive collection of the genome heterogeneity for human bacterial pathogens. 381
In addition, GEAR-base links these two information layers through centroid-drug 382 associations. These associations can subsequently be explored to study resistance 383 mechanisms. Furthermore, individual researchers can compare genes or genomes of 384 interest to the present resource, thereby providing an independent layer of support. 385
This functionality was demonstrated using a recently published carbapenem-resistant 386 K. pneumoniae isolate. While the taxonomic classifications of the genome and of a set 387 of chromosome-derived antibiotic resistance genes were consistent with the expected 388 taxonomy of the isolate, the plasmid-derived antibiotic resistance genes exhibited 389 ambiguous taxonomic assignments, not unexpected for plasmid-borne genes. Emerging antibiotic resistance represents a multi-disciplinary and global 403 challenge. We believe that GEAR-base will serve as a valuable resource enabling the 404 detailed analysis of resistance-associated genomic features. GEAR-base includes a 405 comprehensive selection of clinically highly relevant human microbial pathogens and 406 will thus be of great use for the research community. 407
Materials and methods
409
Bacterial isolates 410
The dataset of 11,087 isolates consisted of 1 
MIC Value Processing 441
The bacterial culture may not grow for the smallest tested drug concentration 442 (expressed as <= x) or show no significant growth decrease for the highest tested 443 concentration (expressed as > x). In these cases, in order to allow consistent 444 processing, the MIC values were transformed as follows: In case of <= x, the MIC 445 value was set to x / 2 (e.g. "<=0.25" was set to "0.125"), and in case of > x, the MIC 446 value was set to x * 2 (e.g. ">64" was set to "128"). Additionally, we considered only 447 the MIC value of the first agent in case of drug combinations (e.g. "32/16" was set to 448 "32"). 
Sample filtering 525
First, the bacterial isolate samples were filtered on the basis of their taxonomic 526 assignment and assembly quality. For the taxonomic assignments, the minimal 527 sensitivity was set to 50% (0% for Shigella), the minimal precision to 75% (60% for 528 Shigella), and the minimal percentage of unclassified reads to 30%. The cutoff values 529
were "relaxed" for Shigella because of the well-known problem of high genetic 530 similarity between the Shigella species and E. coli[55] -i.e., it is difficult to 531 differentiate between these organisms at the nucleotide level, which affects the 532 taxonomic sensitivity. For the de novo assemblies, we used the criteria defined by 533 
Drug correlations 584
Considering only species with at least 50 isolates, pairwise drug correlations were 585 computed using the MIC value profiles (Spearman's correlation coefficient, all 586 samples and for each species taxon separately). Drugs with a single MIC value across 587 all considered samples were removed prior to correlation computation. 
Pan-genome analysis 613
Centroid rate estimation 614
The centroid presence-absence tables created by Roary were used to estimate the 615 median number of total, new, unique, and core centroids in species-level pan-genomes 616 relative to the number of isolates used (rarefaction). For each pan-genome, the 617 columns (isolates) of the table were permuted 100 times. Starting from the first 618 isolate, centroid counts were calculated in a cumulative manner for each permutation. 619
The following centroid categories were defined: total set of centroids, comprising 620 centroids found in at least one of the included genomes; new centroids are centroids 621 found only in the last included genome; unique centroids are centroids found only in 622 one of the included genomes; core centroids are centroids found in at least 90%, 95%, 623 and 99% of all included genomes. The median centroid counts were computed over 624 all permutations. The curve of the total number of centroids was fitted using nonlinear 625 least-squares estimates (R method "nls") of the power law function 626 (where is the total number of centroids, is the number of included genomes, 627 and and are constants) to the median counts. 628 
Figure legends
